Gundermann DM, Fry CS, Dickinson JM, Walker DK, Timmerman KL, Drummond MJ, Volpi E, Rasmussen BB. Reactive hyperemia is not responsible for stimulating muscle protein synthesis following blood flow restriction exercise. Blood flow restriction (BFR) to contracting skeletal muscle during low-intensity resistance exercise training increases muscle strength and size in humans. However, the mechanism(s) underlying these effects are largely unknown. We have previously shown that mammalian target of rapamycin complex 1 (mTORC1) signaling and muscle protein synthesis (MPS) are stimulated following an acute bout of BFR exercise. The purpose of this study was to test the hypothesis that reactive hyperemia is the mechanism responsible for stimulating mTORC1 signaling and MPS following BFR exercise. Six young men (24 Ϯ 2 yr) were used in a randomized crossover study consisting of two exercise trials: low-intensity resistance exercise with BFR (BFR trial) and low-intensity resistance exercise with sodium nitroprusside (SNP), a pharmacological vasodilator infusion into the femoral artery immediately after exercise to simulate the reactive hyperemia response after BFR exercise (SNP trial). Postexercise mixed-muscle fractional synthetic rate from the vastus lateralis increased by 49% in the BFR trial (P Ͻ 0.05) with no change in the SNP trial (P Ͼ 0.05). BFR exercise increased the phosphorylation of mTOR, S6 kinase 1, ribosomal protein S6, ERK1/2, and Mnk1interacting kinase 1 (P Ͻ 0.05) with no changes in mTORC1 signaling in the SNP trial (P Ͼ 0.05). We conclude that reactive hyperemia is not a primary mechanism for BFR exercise-induced mTORC1 signaling and MPS. Further research is necessary to elucidate the cellular mechanism(s) responsible for the increase in mTOR signaling, MPS, and hypertrophy following acute and chronic BFR exercise. BFR; KAATSU; vascular occlusion training; fractional synthetic rate; resistance exercise SKELETAL MUSCLE ATROPHY IS associated with a variety of negative outcomes. Not only is skeletal muscle required for locomotion and posture, but also, its vast amino acid reservoir serves as a critical defense against disease, starvation, malnutrition, injury, or burns (31). In fact, skeletal muscle constitutes between 50% and 75% of total body protein. A decrement of 30% of muscle mass can result in impaired respiration, circulation, and immune function due to muscle weakness and lack of nutrition (31). Thus measures to preserve or increase muscle mass, such as resistance exercise, have gained much attention, especially in clinical and diseased populations. Unfortunately, high-intensity resistance exercise, albeit effective, is not suitable for all populations, including those who are frail; have
arthritis, osteoporosis, or ligament injuries; or are undergoing postoperation rehabilitation. When coupled with some of these conditions, high-intensity resistance exercise could lead to increased susceptibility to stress or strain on joints and ultimately, promote unsafe exercise practice. Additionally, there appears to be an age-related decrement in the sensitivity of skeletal muscle to resistance exercise, whereby muscles from older individuals have an attenuated muscle protein anabolic response to exercise (17) . Consequently, there is a need to identify novel interventions that can be safely used in such populations to maintain or promote increases in muscle size and strength for the maintenance of muscle function and overall health.
Low-intensity resistance exercise coupled with local vascular occlusion, termed "blood flow restriction (BFR) exercise", has emerged as a potential rehabilitation tool for individuals unable to withstand high-resistance loads. We have reported that low-intensity exercise with BFR can increase that rate of muscle protein synthesis (MPS) and stimulate mammalian target of rapamycin complex 1 (mTORC1) and MAPK-mediated anabolic signaling (18, 19) . These acute anabolic effects may contribute to increased muscle hypertrophy (1-3, 28, 37) and strength (1-3, 16, 28, 33, 37, 50) following BFR exercise training. In contrast, work-matched, low-intensity resistance exercise training without BFR does not increase MPS (18, 19) , muscle size (3, 28) , or strength (3, 16, 28) , but it should be noted that low-intensity exercise carried out to volitional fatigue also stimulates an increase in MPS and anabolic cell signaling (8) . Recently, it has been shown that BFR exercise can restore the muscle protein anabolic response in older adults (18) . However, the literature on BFR exercise has merely been descriptive or correlational, whereas a mechanistic explanation for how BFR exercise promotes an anabolic environment within skeletal muscle is lacking. Identifying how BFR exercise promotes muscle growth may be helpful in elucidating the mechanisms underlying muscle hypertrophy and may provide an understanding as to why aging appears to be associated with an anabolic impairment for muscle proteins.
We have recently shown that increased blood flow and nutritive delivery are critical for an anabolic stimulus, such as insulin, to increase MPS (38, 39) . Our aim was to determine whether reactive hyperemia following BFR exercise plays a major role in stimulating anabolic and catabolic cell signaling and MPS. To test this, we compared the effect of low-intensity exercise with BFR and low-intensity exercise with pharmacologically induced hyperemia on MPS and mTORC1, MAPK signaling, and the ubiquitin proteosome pathway, using a randomized, crossover design in young, healthy men. We hypothesized that pharmacologically induced hyperemia fol-lowing low-intensity exercise would mimic the muscle protein anabolic effects of BFR exercise.
EXPERIMENTAL PROCEDURES

Subjects
Six young, healthy, recreationally active males (24 Ϯ 2 yr; 181 Ϯ 1 cm; 82 Ϯ 5 kg) volunteered for this study. Each subject gave written, informed consent before participating in the study, which was approved by the Institutional Review Board of the The University of Texas Medical Branch. Screening was performed with clinical history and physical exams, ECG, and laboratory tests, including complete blood count with differential liver, kidney, and thyroid function tests; coagulation profile; fasting blood glucose; oral glucose-tolerance test; hepatitis B and C screening; human immunodeficiency virus test; urinalysis; and drug screening. A variety of anthropometric measurements were taken, along with a Dual Energy X-Ray Absorptiometry scan (QDR-4500W, Hologic, Bedford, MA) and a one-repetitionmaximum (1RM) leg-extension strength test. The strength test was performed on two occasions (Ͼ5 days apart) on a bilateral legextension machine (Cybex VR2, Cybex International, Medway, MA), located in the Institute for Translational Sciences Clinical Research Center (ITS-CRC) Exercise Laboratory, The University of Texas Medical Branch (Galveston, TX). The strength test consisted of an initial warm-up phase, with the subject performing 10 repetitions at a moderate weight to get acclimated with the machine. Following the warm-up, subjects attempted to complete one repetition of the legextension exercise at progressively greater resistance until a full repetition could no longer be performed. The weight of the last complete, unassisted repetition was recorded as the 1RM. The highest weight achieved from the two strength tests was deemed their 1RM. Any subjects who lifted the entire weight stack during the strength test would continue repetitions to complete failure. In this case, the 1RM would be calculated by the formula: 1RM ϭ W/1.0138 Ϫ (0.0267123) (R), where "W" represents the weight lifted in kilograms and "R" represents the number of successive repetitions (25) . The average 1RM was 135 Ϯ 16 kg.
Study Design
Each subject was randomized to initially undergo one of two treatments: 1) low-intensity exercise with BFR or 2) low-intensity exercise followed by pharmacologically induced hyperemia using the vasodilator, sodium nitroprusside (SNP). At least 3 wk were allowed between trials.
On both occasions, the subjects were admitted to the ITS-CRC the evening before the exercise study. They were fed a standard research dinner (10 kcal/kg body wt; 60% carbohydrate, 20% fat, and 20% protein) and snack before 10 p.m. They were fasted overnight under basal conditions and were given ad libitum access to water. The morning of the study at 6 a.m., a polyethylene catheter was inserted into an antecubital vein for tracer infusion, and another polyethylene catheter was inserted retrogradely into a hand vein of the opposite arm and kept under a heating pad for arterialized blood sampling. After drawing a background blood sample, a primed, continuous infusion of L-[ring-13 C6] phenylalanine (Isotec, Sigma-Aldrich, Miamisburg, OH) was begun and maintained at a constant rate until the end of the experiment (Fig. 1 .) The priming dose for the labeled phenylalanine was 2 mol/kg, and the infusion rate was 0.05 mol·kg Ϫ1 ·min Ϫ1 .
Exercise. After a 4-h basal period, subjects were transported from the bed to the leg-extension exercise machine, where they performed four sets of bilateral leg extensions at 20% of their 1RM. The four sets consisted of 30, 15, 15, and 15 repetitions, respectively, with 30 s of rest between sets. Verbal encouragement was used to ensure each subject completed the full exercise protocol. Blood pressure and heart rate were measured and recorded immediately before and after exercise.
BFR trial. Immediately prior to the commencement of exercise, subjects performing the BFR trial were fitted with 11 cm-wide pressure cuffs (SC10, Hokanson, Bellevue, WA), placed on the most proximal portion of the upper thighs and attached to a Hokanson E20 rapid cuff inflater and AG101 air source. Subjects were gradually acclimated to the pressure cuff in increments of 20 mmHg, starting at 120 mmHg, to a final pressure of 200 mmHg. During the acclimation phase, each increment consisted of 30 s of pressure, followed by 10 s of no pressure. Exercise commenced once the final pressure of 200 mmHg was reached. The pressure was not released until the completion of the final set of exercise. Reactive hyperemia occurs immediately after the cuff pressure is released; therefore, the subjects were promptly moved back into bed to capture the postexercise blood flow response using Doppler ultrasound.
SNP trial. This group was designed to mimic the reactive hyperemia induced following BFR exercise by pharmacologically vasodilating the femoral artery after low-intensity resistance exercise performed without BFR. During this trial only, a polyethylene catheter was placed in the common femoral artery of the same leg designated for muscle sampling and blood flow measurements. Prior to exercise, SNP was prepared with a concentration of 4 mg/60 ml in a syringe and connected to the femoral artery catheter. Following completion of the identical exercise protocol without BFR, SNP was infused into the femoral artery for 1 h, initially at a rate of 0.14 g·100 ml Ϫ1 ·min Ϫ1 of leg volume and then modified based on blood flow measurements to closely simulate the average reactive hyperemic response from BFR exercise. As a precaution, heart rate and blood pressure were closely monitored from the femoral artery catheter and at the brachial artery for the duration of the 1-h SNP infusion.
Muscle sampling. The muscle biopsies were performed with a 5-mm Bergström biopsy needle, using sterile procedures and local anesthesia (1% lidocaine). Prior to exercise, two muscle biopsies were obtained from the lateral portion of the vastus lateralis muscle between 15 and 25 cm superior to the mid-patella ( Fig. 1 ). The first biopsy was collected 2 h after the initiation of the tracer infusion to allow for steady-state enrichments and again, 2 h later to determine basal mixed-muscle fractional synthetic rate (FSR). Both biopsies were sampled from a common incision, although the orientation of the needle was angled so that samples were taken ϳ5 cm from each other. The third and fourth biopsies were taken 1 and 3 h postexercise from a second incision site, proximal to the first incision on the same leg. Our laboratory has demonstrated that sequential biopsies from the same incision do not interfere with MPS measurements (42) . Muscle tissue was blotted immediately, frozen in liquid nitrogen, and stored at Ϫ80°C until analysis. Right and left legs were randomly assigned to either trial; the opposing leg was used when crossing over to the other trial.
Blood flow measurements. Three blood flow measurements were conducted during the basal period and averaged together to establish a pre-exercise basal blood flow value. Flow measurements were taken 3 min after the completion of exercise to allow time to remove the BFR apparatus and allow the subject to return to bed. Subsequent measurements were made every minute during the first 15-min period to capture the immediate vascular response to BFR exercise. Thereafter, measurements were taken every 15 min for the remainder of the 1st h postexercise, and additional measurements were made at 90 and 120 min postexercise to verify blood flow had returned to baseline. Blood flow measurements were performed on the same leg where the muscle biopsies were taken.
Femoral artery blood flow (Q) was determined using a twodimensional Doppler ultrasound machine (HDI-500 ultrasound system, Philips ATL Ultrasound, Andover, MA). Online calipers were used to measure the diameter (d) of the longitudinal view of the femoral artery in quadruplicate with a high-definition zoom image. Additionally, the time-averaged mean velocity (TAM) was determined using pulsed-wave Doppler with angle correction and analysis software. Femoral artery blood flow was calculated by the formula:
Mixed-Muscle Protein FSR
Muscle intracellular-free amino acids and muscle proteins were extracted as described previously (43, 44) . Muscle intracellular-free concentration and enrichment of phenylalanine were determined by GC-MS (6890 Plus GC, 5973N mass selective detector, 7683 Autosampler, Agilent Technologies, Santa Clara, CA) using an appropriate internal standard (L-[ 15 N]phenylalanine) (43, 44) . Mixed-muscle, protein-bound phenylalanine enrichment was analyzed by GC-MS after protein hydrolysis and amino acid extraction with the external standard curve approach (9) . The FSR of mixed-muscle proteins was calculated by measuring the incorporation rate of the phenylalanine tracer into the proteins (⌬Ep/t) and using the precursor-product model to calculate the synthesis rate: FSR ϭ (⌬Ep/t)/(EM1 ϩ EM2/2)·60·100, where ⌬Ep is the increment in protein-bound phenylalanine enrichment between two biopsies, t is the time between the two biopsies, and E M1 and EM2 are the phenylalanine enrichments in the free intracellular pool in the two biopsies. Data are expressed as percent/h. Blood sampling. Arterialized blood was collected from the retrograde hand catheter 12 times during the study (Fig. 1 ). Each time, 9 ml was aliquoted for analysis of plasma glucose and lactate (Yellow Springs Instruments, Yellow Springs, OH) and for the determination of the enrichment of labeled phenylalanine in blood using GC-MS. Phenylalanine concentration was calculated using an internal standard approach, as described by Wolfe and Chinkes (49) , and nutrient delivery was calculated by (blood concentration) ϫ (femoral arterial blood flow).
SDS-PAGE and Western Blot Analysis
Details of the immunoblotting procedures have been published previously (11) . Briefly, ϳ30 -50 mg frozen tissue was homogenized (1:9 wt/vol) and centrifuged at 6,000 RPM for 10 min at 4°C, followed by the removal of the supernatant. Total protein concentrations were determined in supernatant by using a Bradford assay (SmartSpec Plus spectrophotometer, Bio-Rad, Hercules, CA). The supernatant was diluted (1:1) in a sample buffer mixture containing 125 mM Tris (pH 6.8), 25% glycerol, 2.5% SDS, 2.5% ␤-mercaptoethanol, and 0.002% bromphenol blue and then boiled for 3 min at 100°C. Total protein (50 g) was loaded into each lane of a 7.5% or 15% polyacrylamide gel (Criterion, Bio-Rad), along with a molecular weight marker (Precision Plus Protein standard, Bio-Rad), and separated by electrophoresis at 150V for 60 min. Protein was then transferred to a polyvinylidene difluoride membrane (Bio-Rad) at 50V for 60 min. Blots were blocked in Tris-buffered saline with Tween 20 and 5% nonfat dairy milk and then incubated in a single primary antibody overnight at 4°C (antibody concentrations are described below). The next day, blots were incubated in anti-rabbit IgG horseradish peroxidase-conjugated secondary antibody (Amersham Biosciences, Piscataway, NJ) for 1 h at room temperature. Chemiluminescent solution (ECL plus, Amersham Biosciences) was applied to each blot for 5 min, optical density measurements were obtained with a phosphoimager (Bio-Rad), and densitometric analysis was performed with Quantity One software (version 4.5.2, Bio-Rad). Data are expressed as the fold change from baseline.
Antibodies. The following primary antibodies were purchased from Cell Signaling Technology (Danvers, MA) and diluted in 5% BSA: phospho-mTOR (Ser 2448 , 1:500), phospho-p70 S6 kinase 1 (S6K1; Thr 389 , 1:250), phospho-ribosomal protein S6 (rpS6; Ser 240/244 , 1:250), phospho-eukaryotic initiation factor 4E-binding protein 1 (4E-BP1; Thr 37/46 , 1:1,000), phospho-MAPK-interacting kinase 1 (Mnk1; Thr 197/202 , 1:500), phospho-ERK1/2 (Thr 202 /Tyr 204 , 1:1,000), phospho-eukaryotic elongation factor 2 (eEF2; Thr 56 , 1:2,000), and phospho-Akt (Thr 308 , 1:1,000). The following primary antibodies were purchased from ECM Biosciences (Versailles, KY) and diluted in 1% nonfat dairy milk in Tris-buffered saline with Tween 20: muscle atrophy F-box protein-1 (Atrogin1; 1:1,000) and muscle really interesting new gene finger protein-1 (MuRF1; 1:1,000).
Gene Expression
Details of RNA isolation, cDNA synthesis, and real-time quantitative PCR have been described previously (15) . Briefly, 20 -30 mg muscle was homogenized in 1 ml Tri Reagent (Molecular Research Center, Cincinnati, OH), separated using 0.2 ml chloroform, precipitated using 0.5 ml isopropanol, and washed with 75% ethanol. RNA concentration was determined using the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). To eliminate any potential DNA contamination, all samples were treated with DNase, using a commercially available kit (DNA-free, Ambion, Life Technologies, Grandisland, NY), according to the manufacturer's directions. RNA templates were reverse transcribed into cDNA, and all isolated RNA and cDNA samples were stored at Ϫ80°C until analysis. Primer sequences used in this experiment have been published previously by Drummond et al. (14) . GAPDH was used as a housekeeping gene, as it remained stable across time and after exercise for both trials. Real-time RT-PCR was performed using an iQ5 Multicolor Real-Time PCR cycler (Bio-Rad), using SYBR Green fluorescence (iQ SYBR Green Supermix, Bio-Rad). Relative fold changes were determined using the 2 Ϫ⌬⌬Ct method, as described by Livak and Schmittgen (26) 
Statistical Analysis
All values are expressed as means Ϯ SE. Comparisons were performed using a two-way ANOVA with repeated measures, and the effects were trial (BFR, SNP) and time. Post hoc analysis was performed with Bonferroni when appropriate. Natural log transformations were performed to establish normality where necessary. Significance was set at P Յ 0.05. All analyses were done with SigmaStat 11.0 (Systat Software, San Jose, CA).
RESULTS
Cardiovascular Response
There were no significant differences in exercise heart rate (96 Ϯ 10 vs. 94 Ϯ 13), systolic pressure (143 Ϯ 6 vs. 125 Ϯ 8), or diastolic pressure (71.5 Ϯ 4.5 vs. 71 Ϯ 5) between BFR and SNP trials, respectively (P Ͼ 0.05). Heart rate increased significantly from rest only in the BFR exercise group (P Ͻ 0.05; data not shown). Blood pressure and heart rate were monitored continuously during the SNP infusion with no significant fluctuations observed for any of the subjects.
Blood Flow Response
Femoral artery blood flow was elevated significantly postexercise during both trials (P Ͻ 0.05). Blood flow remained elevated significantly above basal values in both groups at 5, 10, and 15 min postexercise (P Ͻ 0.05; Fig. 2A ). SNP infusion increased blood flow immediately postexercise; however, the initial response in the BFR trial was greater than in the SNP trial for the first 10 min postexercise (P Ͻ 0.05). On the other hand, the total blood flow was not different (P Ͼ 0.05) between trials, as calculated by the area under the blood flow response curve for 1 h (Fig. 2B ) and 2 h postexercise (data not shown).
Arterialized Plasma Concentrations
Glucose (Fig. 3A) and phenylalanine ( Fig. 3B ) delivery (substrate concentration ϫ blood flow) increased significantly during the 1st h following exercise in both trials, as determined by the area under each delivery curve (P Ͻ 0.05). There were no differences between trials for either glucose or phenylalanine delivery. The plasma lactate concentration increased by 3.3-fold following exercise, relative to basal values during the SNP trial, and remained elevated for 45 min (P Ͻ 0.05). Plasma lactate during the BFR trial increased by 7.3-fold following exercise, relative to basal values, and remained Plasma lactate concentrations during the BFR trial were significantly greater compared with the SNP trial for 90 min postexercise (P Ͻ 0.05; Fig. 4 ).
MPS
Mixed-muscle protein FSR was not different between trials at basal (P Ͼ 0.05). FSR, during the 3-h postexercise, was elevated above basal, only during the BFR trial (P Ͻ 0.05; Fig. 5 ).
Anabolic and catabolic cell signaling mTORC1 signaling. Phosphorylation of Akt at Thr 308 was higher at 1 h postexercise during the BFR trial compared with baseline (P Ͻ 0.05; Table 1 ). Akt phosphorylation did not increase during the SNP trial at any time point (P Ͼ 0.05). Phosphorylation of mTOR at Ser 2448 was greater at 3 h postex-ercise in the BFR trial compared with the SNP trial and basal values (P Ͻ 0.05; Fig. 6A ). Phosphorylation of mTOR did not increase at any time point during the SNP trial (P Ͼ 0.05). Phosphorylation of S6K1 at Thr 389 was elevated above basal at 3 h postexercise during the BFR trial (P Ͻ 0.05; Fig. 6B ). S6K1 phosphorylation did not increase at any time point during the SNP trial (P Ͼ 0.05). Phosphorylation of rpS6 at Ser 235/236 was elevated above basal at 1 h postexercise during the BFR trial and was greater compared with the SNP trial (P Ͻ 0.05). Data are from Western blot analyses, presented as fold change from baseline. mTORC1, mammalian target of rapamycin complex 1; BFR, blood flow restriction; SNP, sodium nitroprusside; 4E-BP1, 4E-binding protein 1; eEF2, eukaryotic elongation factor 2. *P Ͻ 0.05 vs. baseline. rpS6 phosphorylation remained elevated above basal at 3 h postexercise during the BFR trial (P Ͻ 0.05; Fig. 6C ). Phosphorylation of rpS6 at 1 and 3 h postexercise did not change from basal during the SNP trial (P Ͼ 0.05). Phosphorylation of 4E-BP1 at Thr 37/46 did not change during either trial, 1 h postexercise (P Ͼ 0.05); however, phosphorylation of 4E-BP1 was slightly reduced at 3 h postexercise during the SNP trial (P Ͻ 0.05; Table 1 ). Phosphorylation of eEF2 at Thr 56 remained unchanged during both trials for the duration of the study (Table 1) .
MAPK signaling. There was a tendency for an increase in phosphorylation of ERK1/2 at Thr 202 /Tyr 204 , 3 h postexercise during the BFR trial compared with basal (P ϭ 0.088; Fig. 7A ). Phosphorylation of Mnk1 at Thr 197/202 was higher at 3 h postexercise during the BFR trial compared with basal (P Ͻ 0.05; Fig. 7B ). Phosphorylation of ERK1/2 or Mnk1 was not different at any time point during the SNP trial (P Ͼ 0.05).
E3 ligases. Atrogin1 and MuRF1 protein expression did not change in either trial at any time point during the study (Table  1) , although the mRNA expression of MuRF1 was increased at 3 h postexercise during the BFR trial (P Ͻ 0.05; Fig. 8 ). Atrogin1 mRNA expression was not different at any time point during either trial (P Ͼ 0.05; Fig. 8 ).
Representative blots for each protein are displayed in Fig. 9 .
DISCUSSION
The purpose of the study was to ascertain whether reactive hyperemia is a primary mechanism to induce muscle growth. We simulated the reactive hyperemic response from BFR exercise using a pharmacological vasodilator, SNP, following nonrestricted, low-intensity exercise and compared the acute metabolic responses with traditional BFR exercise. To our knowledge, this study is the first investigation designed to test a proposed mechanistic hypothesis of the anabolic response to BFR exercise. With the use of this approach, we were able to demonstrate that whereas BFR exercise elicits an increase in MPS and anabolic signaling, a hyperemic response is not sufficient to induce these stimulatory responses when coupled with low-intensity exercise.
Specifically, we were successful in our ability to simulate the overall reactive hyperemic response of BFR exercise using SNP, although it is important to note that whereas the overall 1-h elevation in leg blood flow was accurately reproduced, the immediate post-BFR exercise response (the first 10 min) was more difficult to reproduce precisely. Thus a limitation to the study is the inability to ascertain whether the initial peak blood flow response (first 10 min) is responsible for the BFR-induced MPS. However, although the BFR trial elicited a higher initial peak in blood flow, the total blood flow and nutrient delivery during the 1st h were not different between trials. Thus we were capable of determining whether the total postexercise increase in blood flow and the concomitant increase in nutritive delivery are responsible for the anabolic effects of BFR exercise. Despite the equivalent increase in blood flow, BFR exercise elicited a 49% increase in the 3-h postexercise FSR response, whereas the SNP-induced hyperemia, following lowintensity exercise, did not change the postexercise FSR response from basal values. The increase in FSR due to BFR exercise is comparable with previous research with BFR exercise (18, 19) and traditional, high-intensity resistance exercise (17) . Likewise, the increase in FSR was associated with an increase in mTORC1 and MAPK pathway activation. Both of these pathways are widely accepted to be regulators of the rate-limiting steps of protein translation following resistance exercise (12, 45, 48) ; however, the relative contributions of each are unknown. An increase in extracellular amino acid availability is known to stimulate mTORC1 pathway activation (4, 5), a process required for an increase in MPS, induced via amino acid supplementation (10) . Furthermore, extensive research has shown that increased amino acid availability (44) , in conjunction with carbohydrates (20) or coupled with resistance exercise (6, 7, 32, 35, 40, 41) , increases MPS to a greater extent compared with resistance exercise alone. However, a major finding of this study is that an increased amino acid delivery through hyperemia is not sufficient to stimulate an anabolic response or increase mTORC1 activation. Whereas the mTORC1 pathway has been shown to be indispensible in stimulating MPS following high-intensity resistance exercise (13) and nutritional supplementation (10) , it is still unclear whether BFR exercise follows the same pattern and requires mTORC1 activation or whether a unique pathway is used, possibly relying heavier on MAPK pathway activation.
Although emphasis typically is placed on protein anabolic processes, overall muscle growth occurs when protein synthesis rates over time are higher compared with the average rate of protein breakdown. Thus understanding muscle degradation is important from not only a growth standpoint but also a therapeutic perspective. Of the catabolic processes, the proteasomal system plays a key role and involves the E3 ligases: Atrogin1 and MuRF1. Muscle proteins are targeted for degradation by these ligases and directed to the 26S proteasome through polyubiquitination (36) . A study analyzing the time course of proteolytic gene expression demonstrated that the mRNA levels of MuRF1 but not Atrogin1 are elevated following highintensity resistance exercise and endurance exercise between 1 and 4 h postexercise, after which, values are returned to basal conditions (27) . A concurrent increase in protein synthesis and proteolysis is thought to be beneficial to enhance muscle quality via an overall increase in muscle protein turnover, as opposed to a futile counteraction (36) . Accordingly, in a previous study, we have demonstrated that the mRNA tran-script of MuRF1 increases 3 h post-BFR exercise (14) . Therefore, a secondary aim of our research was to investigate whether reactive hyperemia exerts any influence on the transcription of the E3 ligases. Data in the current study confirm a similar increase in MuRF1 compared with our previous study and also indicate that reactive hyperemia was insufficient to induce any changes in MuRF1 and Atrogin1. Recently, Manini et al. (30) showed a decrease in Atrogin1 and MuRF1 mRNA expression, 8 h after BFR exercise, when fed a standard meal. This does not necessarily contradict our study, considering the differences between protocols. Variations in results are mostly likely due to the differing nutritional status of subjects and the time points analyzed. To date, no research has analyzed the muscle protein fractional breakdown rate post-BFR exercise. Therefore, these results are only an initial look into the catabolic events following BFR exercise.
Although reactive hyperemia is not the primary mechanism involved in the acute anabolic or catabolic responses from BFR exercise, specifically in the young-adult population, it certainly does not rule out the possibility that enhanced blood flow is required as a supplementary variable. Evidence shows that there is an age-related decline in anabolic sensitivity to traditional, high-intensity resistance exercise (17, 24) . Most recently, we have shown that older subjects have a reduced ability to activate MPS and mTORC1 signaling after traditional, high-intensity resistance exercise compared with younger subjects (17) . Interestingly, BFR exercise has been shown to elicit similar increases in MPS in both young (19) and older subjects (18) , indicating that BFR exercise is capable of restoring the normal muscle protein anabolic response following exercise in older adults. Research from our laboratory has found a positive correlation between an increase in blood flow and the response to an anabolic stimulus (38, 39) , which could potentially explain the age-related difference in responses, since older adults naturally have a compromised endothelial responsiveness (21, 22, 34) . Recently, we demonstrated that the restoration of blood flow in older adults rescued the age-related decline in the muscle protein anabolic response to insulin (39) . We also reported that increased blood flow was Fig. 9 . Representative Western blots for all proteins measured. eEF2, eukaryotic elongation factor 2; 4EPB1, 4E-binding protein 1. required for young subjects to elicit a full muscle protein anabolic response to insulin (38) . Together, data in these previous studies suggest that hyperemia is a crucial component to a maximal response in MPS when coupled to an anabolic stimulus. This evidence encourages the speculation that reactive hyperemia from BFR exercise supersedes the compromised endothelial responsiveness in the elderly and thereby eliminates the age-related differences in anabolic responses to resistance exercise. Future research is needed to further explore the necessity of hyperemia to induce an anabolic response from BFR exercise.
As suggested in a review by Wernbom et al. (46) , it is likely that BFR exercise responses are caused by multiple mechanisms. In the current study, BFR exercise triggered a pronounced, 7.3-fold increase in lactic acid production, which may be the cause and/or the effect of early muscle fatigue, leading to enhanced fiber recruitment (29, 30, 37) . Particularly, hydrogen ion accumulation via lactic acid may potentially act as an allosteric regulator in other pathways that alter MPS. Research by Burd et al. (8) has demonstrated that exercise to volitional fatigue at any intensity is sufficient to stimulate an increase in MPS. Indeed, BFR exercise may simply be an accelerated method to induce muscle fatigue and therefore, produce similar results, as suggested by Burd et al. (8) . However, unlike BFR exercise, low-intensity exercise until fatigue has not been tested to increase muscle hypertrophy and strength with training. Clearly, muscle fatigue is associated with evidence of muscle growth, although the role it plays is not clearly understood. It should not be overlooked, however, that despite an increase in MPS following these unique training regimes, the physiological adaptation on a functional level may still be different. For instance, in a 12-wk training study, Holm et al. (23) discovered that 10 sets of 36 repetitions at 15.5% 1RM were sufficient to increase muscle cross-sectional area but also resulted in a loss of myosin heavy chain type IIx. Furthermore, although electromyography data suggest that all motor units are recruited prior to fatigue (47) , it is unknown what physiological differences still exist within fiber types when fatiguing exercises occur at different intensities.
In summary, we have demonstrated that BFR exercise elicits a dramatic increase in blood flow postexercise, which enhances nutrient delivery to the working muscles. Furthermore, we have established that enhanced nutrient delivery does not appear to be the primary mechanism responsible for the stimulation of mTORC1 signaling and MPS following BFR exercise. Future studies are needed to determine the precise mechanisms responsible for stimulating MPS and promoting growth following BFR exercise and whether mTORC1 activation is required.
